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PERFORMANCEOF SLURRIESOF50PERCENTBORONINJP-4FUEL

IN5-INCHRAM-m BURNER

By Thai.neW. ReynoldsandDonaldP. Haas

m3mARY
q Theperformemceof slurriesof50percentboroninMIL-F-5624Agradeg JP-4fuelwasevaluatedin a 5-inchrsm-~etburner.Becausethereac-

tivityoftheslurryfuelapparentlywasbelowthatof JP-4 fuelalone,
thelimitedshelteredregionbehinda V-gutterflameholderprovedin-
adequateforpilotingtheflame.Can-typeflameholdersweretherefore
usedthroughouttheinvestigation.

BoronslurriesgavehigherheatoutputsthandidtheJP-4fuelonly
atfuel-airratiosabovestoichiometricforJP-4fuel. Inorderto

. realizethepotentialrangeextensionof rsm-jet-poweredaircraftthrough
useofboronslurryfuelswhichhavehighheatcontentperunitweight
andvolume,itwillbe necess=yto efficientlyburntheboronslurries

. atthelowfuel-sirratiosnecessaryto achievehighpropulsiveeffi-
ciency.Theconibustionefficienciesoftheboronslurriesmustthere-
forebe improvedconsiderablyintheleanregion.

Highestheatoutputswereobtainedwhensomemeansof sitingthe
influxofboronto an intensepilotingregionwasaddedto theflame
holder. Highwalltemperaturesweresa aidto lean-regioncombustion
smoothnessbuthadlittleinfluenceontheheatoutputsobtained.An
increaseinburnerlengthfrom40to 52 inchesalsohadlittleeffecton
theheatoutputoverthenarrowrsngeoffuel-airratioswherecomparison
datawereobtained.

Performancedataexepresentedintermsofheatoutputperpoundof
combustionmixtureforseveralflsme-holderconfigurations.Cotiustion
efficiencyvaluesexepresentedfortheconfigurationwhichseemedmost
satisfactoryinthe5-inchburner.Thecombustionefficiencyforthe
50-percent-boronslurryinthebestburner
at an equivalenceratioof unity,assuming
be frozenby thewater-quenchsprayatthe

.

.

configurationwas89percent
thechemicalequilibriumto
coml)ustoroutlet.
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INTRODUCTION‘“
.

Theapplicationoftheram-jetenginetopropulsionof long-range
supersonicmissilesoffersanopportunityto usetheuniquecharacter-
isticsofhigh-energyfuels.Boronas a fuelis capableofincreasing
therangeof a missleby 40percentormoreoverthatobtainedusing
hydrocarbonfuels(ref.1). Thepracticalproblemsinvolvedinhandling,
flowing,andmeteringthematerialas a drysolidor intheformof
powderaregreatenoughtowsrrantinvestigatingthepossibilitiesof —
usingthefuelintheformof a slurrywitha hydrocarbonfuel,even
thoughtheheatingvalue,density,and,hence,fuelperformancecapa- 8
bilitiessrelowerthanthoseforthesolidfuelalone.

Analysesindicatingthepotentialincreasedperformanceofhigh-
energyfuelsarebasedonthethermodynamicpropertiesalone.Theulti-
mateusefulnessof a particularfuelwill,however,dependuponreac-
tivity,handlingcharacteristics,stability,audpossiblyotherfactorf.
Fortheflightpathassumedintheanalysisofreference1,forexample}
therangeisdirectlyproportionaltotheeffectiveheatingvalueofthe
fuel;hence,itis imperativethatthefuelbeburnedefficientlyifthe
fullpotentialitiesofthefuelaretoberealized.

Experimentalworkdonein a 2-inchburner(ref.2) indicatedthat
combustionefficienciesoftheorderobtainedwithhydrocarbonfuels
cauldbe obtainedwith30-percentslurriesofboroninhydrocarbonfuel,

.

thusofferinganadvsmtageinheatoutputfortheboronslurries.Because
thispreviousevaluationwasobtainedh a smallburner,itwasattempted ,
to extendtheheat-outputsndcombustion-efficiencydataforboronslur-
riesto largermoretypicalconihustorconfigurationsoperatingat some-
whatmorerealisticconditions.Someimprovementsinthestateofthe
slurry-mixingsrtallowedtheuseof slurriesofhigherboronconcentra-
tionthanusedintheprecedingcitedinvestigation.

Thisreportis concernedwiththeco.uibustionof slurriesof50per-
centboroninJl?-4fuel ina 5-inchram-jetburner.Heat-outputdata
forseveralcan-typeflsmeholderswithslurryfuelandwithJT’-4fuel
alonearepresented.Combustionefficienciesforthemosteffective
fbme-holderconfigurationtestedarealsoincluded.

APPARM’USANDPROCEOURE

Testinstallation.- Theschematicdiagramofthersm-jetburner
(fig.1) showsthegeneralarrangementofthepipingandthelocationof
theinstrumentationusedinthisinvestigation.Thebasicburnerwas
thesameasthatusedinreference3;modificationstotheburnerlength .
andthefuelinjectorconstitutedthema$orchanges.Electricallypre-
heatedandmeteredairat40poundspersquareinchgagewassuppliedto

.—
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theplenumchmber,whichcontainedtheair-controlunit.Airflowwas
controlledby a movablesleeveblockinga v=iablenumberoftheori-
ficesintwoperforatedplatesthroughwhichsirflowedto thediffuser
inlet.ChokedflowwasmaintainedatthecontrolunitIsolatingburner
pulsations.A variable-areacalibratedorificelocatedupstreamof the
controlunit(notshowninfig.1)meteredtheairmassflow.

Fuelwasinjectedneartheinletofthediffusersectionapproxi-
mately7 feetupstresmoftheflameholder.An air-atomizingconcentric
fuelinjectorwasusedthroughouttheinvestigationforboththeslurry
andhydrocsx’bonfuels(fig.2).

A hydrogen-oxygenpilotflameinthedomeof theflameholder
ignitedthefuel-airmixturesenteringtheconibustionchsmb=. The
amountofheatinthepilotwasalwayslesstham1 percentofthetotal
heatinthemainfuel. Becausethepresenceofthepilotflamehadno
effectonthemeasuredheatoutputwiththehydrocarbonfuels,itwas
usuallymaintainedduringthecourseof a runexceptwhendetermining
stabilitylimits.Withslurryfuels,however,thepilotflamewas
presentduringallrunsexceptonewithuncooledfirebrickburnerwalls.

A variable-sreanozzleattheoutletoftheburnerwasusedto
regulatetheburner-inletpressure.Thenozzlecouldbeadjustedcon-
tinuouslyduringthecourseof a hydrocarbonfuelrun,butinvsri~ly
wouldseizeearlyinthecourseof a slurryrunwhensolidsweredepos-
itedonthenozzlevanesandwallsmakingfurtheradjustmentiqossible.
An initialburnerpressureof 1 atmospherewassetatthestartof each
runsadmaintainedaslongasthenozzleremainedfree.

Watermeteredintotheexhaust-gasstreamimmediatelydownstreamof
theexhaustnozzlequenchedthereactionandcooledtheexhaustgasto
about600°F. Thegastemperaturewasthenmeasuredat a thermocouple
stationlocatedapproximately15feetdownstreamofthewater-spraybsrs.

Othertemperatureandpressuresensingstationswerelocatedatthe
variable-areaair-floworifice,diffuserinlet,andburnerinlet.Mesms
ofmeasuringjacket-coolantflowratesandtemperatureswerealso
provided.

Fuelsystem.- SlurryandJP-4fuelswerehmdledinthefuelsystem
showninfigure2. Themainfueltankswerelocatedoutsidethetest
cellandcouldbe pressurizedwithnitrogento 100poundspersquare
inchgage. FlowfromtheJP-4fuelttis wasmeteredwitha calibrated
rotsmeterandcontrolledby a remotelyoperatedthrottle.TheJP-4fuel
couldbe switchedeitherto thefuelinjectororto thespecialslurry
fueltankwhereIt servedas a pumpingfluid.Theslurrytankconsisted
essentiallyof a cylinderandmovablepistonwhichseparatedtheslurry
fromthepumpingfluld.A tubulartailrodpreventedthepistonfrom

~~
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bleedforthevolume
inthe-cylinderbelowthepiston~heretheslurrywasplaced.A cover
platethroughwhichthetailrodprotrudedwasflange-boltedtothetop
ofthecylinder,andnecessarypackingwasusedto obtaina leak-proof
chsmberabovethepistonintowhichthe%F-4fuelfromthemainline
couldbe diverted.ThepressurizedJP-4fuelflowingintotheslurry
tankdisplacedtheptston,forcingtheslurrytoflowtothefuelinjec-
tor. Slurrymassflowwascontrolledby thethrottleintheJX’-4fuel
lineandwasdeterminedby applyingtheappropriatedensitycorrection
to theJT-4fuelflowobtainedattherots.meter.Completeremovalof
airpocketsfromthefuelsysteminsuredpositivedisplacementofthe
slurryby theJT-4fuel.

Flsme-holderandburnerconfigurations.- Thecanflame-holdercon-
figurationsusedduringthecourseoftheinvestigationsxeshowni.n
figure3. Theletteridentifiestheapproxhatecensizeasto length
smddomedismeter,sndthenumbersignifieschsngesintheholeconfig-
urationortheadditionof scoopsor domeperforationsto thebasiccsn.
Thedescriptionandthemajordimensionsof thevariousflsneholders
aregivenintable1. FlameholderB-2,foundtobe themosteffective
flameholdertriedfortheslurryfuel,wasinitiallydevelopedasa
pilotingflameholderfora largeengine(ref.4) andisdimensionedin
detailinfigure4. TheB configurationblocked41percentoftheduct
atthecsndcnne,hada 40-percentopenperipheryattheftistrowof
holes,endhad122-percentopen-holeareawiththeholesizesincreasing
downstresmtoafforda parabolicmixture-entrypattern.Allothercon-
figurationshadsimilarparabolicentrypatternsexceptflameholder
C-3,theslottedtitsectionofthatC= havingessentiallya linear
mixtureentrypattern.Theflameholderswerefabricatedof l/32-inch-
thickInconel.

Theinitialburnerlengthusedatthestsrtoftheworkwas40
inches,measuredfromthedomeofthefl=e holdertothec~~r ~ne of
thewater-quench-spraybsrs. An uncboledsection12 incheslongwas
addedattheupstresmendoftheburnertodetenuinetheeffectof an
increaseinburnerlen@h. Thewater-cooledburnerhousingwasreplaced
witha sectionhavinga 2-inchliningofffiebrickto obtainhighburner-
walltemperaturesforonerun. Allburnercomponentswerereadily
removableto allowchangesin configurationsadtofacilitatethenec-
esssryremovalofdepositssftereachrun.

Fuels.- Theboronpowderusedthroughouttheflsme-holderdevelop-
mentphaseoftheinvestigationexhibitedthefollowinganalysisrange:

solubleboron~percentc ● “ “ ● ● ● - ● ● ; s - ● ● “ ● “ “ 0-0.4
Moisture)percent. . . . . .“.. . . . . . . . . . . . . . 0.1-0.8
Total.boron,wet,percent. . . . . . . . . . . . . . . . . 87-91.3
Total.boron~dry)percent ● ● ● . = ● “ c ● ● ● o ● ● - “ ● 87”5-91”5
FreeboronjpercentWGO”=DO.*OO-- ‘- ”-o O-87”3-gl”~

.
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. Thismaterialhadanaversgefreeboroncontentof90.0percent.The
slurrycompositioninpercentby weightof componentswasasfollows:

Boronpowder,percent.
R-4 Fuel,percent. .
Wettingsgent(glycerol
Gellingagent(aluminum

. . . . . ● ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ 50

. . . . . . . . . . . . . . . . . . . . . . 48
sorbitanlaurate),percent. . . . . . . . 1.6
octoate),percent. . . . . . . . . . . . . 0.4

The90-percent-pine-boronslurryhada densityof1.15grsmspercubic
Bw centimeteranda lowerheatingvalueof20,765Btuperpound.Thelower
CD heatingvalueoftheJP-4fuelwastakenas 18,675Btuperpound.The

stoichiometricfuel-airratiosforthe90-percent-pure-boronslurryand
theJP-4fuelweretskenas0.0858and0.068,respectively.

Forcomparisonpurposes,a slurrywasmadewithboronpowdercon-
taining86.5percenttotalboronand12.5percentmagnesiumas supplied
by themanufacturer.Thelowerheatingvalueofthisslurry,withall
metalassumedfree,was20,908Btuperpound,andthestoichiometric
fuel-airratiowas0.0862.

Thehydrocarbonfuelusedthroughout
MIL-F-5624AgradeJP-4.

.
CALCULATIONS

thisinvestigationwas

●
Thecomparisonsoffuelsandflsme-holderconfigurationsweremade

onthebasisofheatoutputperpoundof conibustionmixture,becauseair
specificimpulsedependsonthisquantity.Therelationbetwemheat
outputandspecificimpulseformultiphasesystemsisnotsufficiently
developedto allowaccurateconversiontotermsof specificimpulseof
theboronslurrydataforthersage
thelowefficienciesencountered.

Thefollowingequationdefines
output:

offuel-airrati;s reporte3_or at

thee~erimentallymeasuredheat

AHozcAH#AHe+NIj

where

AH. enthalpyrise(heatoutput),Btu/lbmixture

~ =.rtb3Qy riseof

. me enthalpyriseof

M-J enthalpyriseof.

quenchwater,Btu/lbcombustionmtxture

combustionmixture,Btu/lbmixture

jacketcoolsnt,Btu/lbmixture
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Formixturesricherthanstoi&iometric,

[ 1[ 1[ 1‘e=‘s + * ‘f/a}’-‘f~a)s ‘%)Ti+%(T’-‘i)
where

(f/a)‘

(f/a)s

Lv

%

T=

enthalpyriseof stoichiometric combustionmixtures,
Btu/lbactualuubcture

actualweightfuel-airratio

stoi,chiometric fuel-airratio

latentheatofvaporization,Btu/lbfuel

inlettemperature,%

meanspecificheatoffuel,Btu/(%) (lbfuel)

exhaust-gastemperaturesOR

Thelowerheatingvalueofthefuelsused.couldnotbe attainedin
the5-inchburnerwhenitwasoperatedatnear-stoichiometricfuel-air
ratios.Thewatersprayimmediatelydownstreamoftheexhaustnozzle
cooledthecombustionproductsveryrapidlyto temperaturesnear600°F,
probablyfreezingthecompositionofthee~ust productsat a high-
temperatureequilibriumlevel.Thedissociationenthalpy,therefore,
wasnotrecoveredasmeasurablesensibleenthalpyastheproducts
cooled.

Thedissociationenthalpy,whichislostthroughfreezingthee@.-
libriumofthecombustionproductsattheflame-temperaturecomposition
andcoolingtheseproductsto 600°F, is shownforJP-4fuelandboron
sluxryinfigure5. Thedissociationenthalpyisexpressedas a fraction
of,thelowerheatingvalueofthefuels.Sufficientinformationwas
availabletopermttan adequatedeterminationof thedissociation
enthalpycurvefortheJP-4fuel(refs.5 &d 6)>butequilibriumdata
fortheboronslurryarelhdtedjtherefore,thecurvepresentedforthe
slurryfuelis approximatesadisbasedon values of equivalenceratio
of0.7and1.0.

.

.

co
Na
E

J

Experimentallyobtainedheatoutputsforhydrocarbonfuels,pre-
sentedinREXJLTSANDDISCUSSION,substantiatethesuppositionthatthe
eqtilibri~is frozen.Itwasthereforeassumedthata majorportionof
thelossinheatoutputwasduetofrozenequilibriumwhenrichmixtures
burnedefficiently;socurvesofmaximumheatoutputbasedonthisassump- “
ti.onareincludedforcompaisonwiththeexperimentaldata.

.-

●

.
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Thecombustion-efficiencyvalues presentedarebasedonthe. expression

(1 + f/a)&
q=

(f/a)AHc

where

AHc lowerheatingvalueoffuel,Btu/lbfuel

Thisexpressionwasused becausemostofthedatawasobtainedinthe
richregionwheredissociationequilibruzmdatawereinadequatefor
determiningthefrozenequilibriumloss-Forcomparisonpurposesinthe
regionupto stoichiometricratios,efficiencieswerecalculatedby
substitutingAEIc(l- x) for AEc intheprecedingexpressionfor
efficiency}where x isthedissociationenthalpyfractionofthelower
heatingvalueasdeterminedfromfigure5.

RESULTSANDDISCUSSION

In orderto evaluatetheccmibustionperformanceoftheboronshrrry
properly,itwasnecessaryto developa flameholderwhichpossessedthe

. featuresnecessaryforstableandefficientcombustionovera reasonable
operationalrange.Theinitialwork,therefore,wasessentiallyan
attemptto developadequateburnerdesignsforboronslurries..

Concurrentworkina smallerburnerhadindicatedthereactivityof
a boronslurrytobe comparablewiththatofJP-4fuelalone(ref.7):
therefore,severalattemptsweremadetoburntheslurryfuelby usinga
V-gutterflsmeholderattheonsetoftheinvestigation.Sluggish
stsrting,excessiveflashback,ad roughburningcoupledwithinferior
heatoutputsforslurryl?uelsas comparedwithhydrocarbonfuelsalone
indicatedthattheshelteredzonebehindthegutterwasinsufficientfor
adequatepilotingof theslurryfuel. AftertheV-gutterswerefound
unsatisfactory,theinvestigationwasdirectedto can-typefleme
holders.

.

.

Theinitialinvestigationofboronslurrycombustionincan-type
flameholdersexploredtheeffectsofpilot-zonevolumesndinletmix-
turevelocityon cotiustionperformance(fig.6). Stablecombustionwas
obtainedwithflemeholderA at inletvelocitiesof 186to 188feetper
secondbutonlyathighfuel-airratios.In anattemptto improvethe
leanstabilitylimit,flemeholderB-1,witha largerpilotingzone,was
employedandtheinletvelocitywasreducedtogivean increasedmixture
residencetimeinthepilotingregion.A reductionintheinletvelocity
to 145feetpersecondallowedoperationatfuel-drratiosbelowstoi-
chiometric;therefore,forallsubsequentruns,initialvelocitieswere
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setnesr140feetpersecondin anattemptto discernimprovementin
performanceindependentofvelocityeffects.Uponseizingoftheex.
haustnozzle,howev~,thevelocityattheburnerinletcouldno longer
bemaintainedconstsat;at leanfuel-airratios,theburner-inletpres-
suredecreasedandtheinletvelocityincreased.

Thedeterminationofreproduciblest%ilitylimitstortheboron
slurryfuelwasnotattemptedbecauseofthelimitedfuelquantitywhich
couldbe handledineachrunandthediffic-ultyofreignitingtheburner
duetodamageordestructionofburnercomponentsby roughcotiustion.
TheoperationalMmits shownonthefiguresthereforesignifythatburn-
ingwaseitherinterruptedby componentfailureor conditionswerere-
strictedby theoperatortopreventcomponentfailure.

Theimprovementsin stabilityandheatoutputwithlsrgerpiloting
volumeandlowerinletvelocitiesalongwiththedatareporteiinref-
erence2 onboronslurrycombustionina 2-inchburnerjindicating
i.mprovedperfmmanceatrichfuel-airratios}suggestedtheuseof aux-
ili.sxymesnsforintroducinga greateramountofboronyowd.erintothe
pilotingregion.FlsmeholderB-2utilizedscoopsonthefirstrowof
holesinobtaininga boroninflux.Figure7 showstheperformancegain
by theuseof scoopsmainlyin an extensionoftheleanoperationallimit
to a fuel-airratioof0.062;however,burningbecameroughandheatout-
putfelloffto valuesbelowthoseobtainablewithhydrocarbonfuelat
fuel-airratiosbelowabout0.0775.A JI?-4fuelcheckpointwasincluded
onthisfigureandshowedtheexperimentalheatoutputtobe nearthe
calculatedmaximumforthatfuel.

.

.

.

.
High-pressure-dropflsmeholdershavinglargepilotvolumeswere

alsotestedforpilotingeffectiveness.Theoperatingrangeandtheheat
outputofflameholderC-1withslurryfuelwereimprovedwhenthedome
wasperforated(flameholderC-2)to allowtheflowofimpingingboron
intothepilotingregion(fig.8).

FlslneholderC-3,witha cold-flowpressuredrop Ap of 8.9times
thedynsmicheadattheburnerinlet q,is comparedwithflsmeholder
C-2.(Ap/q= 12.2)infigure9. FlameholderC-3,havinglongitudinal
slotsratherthancircularholesformixtureadmissioninthedownstream
portionofthecan,didnotperformaswellasflsmeholderC-2.

An increasein combustorlengthfrom40to52 incheswiththeuseof
flsmeholderB-2indicatedlittleif anyinweaseinheatoutputoverthe
smallrangeof comparablefuel-tirratios,as showninfigure10. The
heatoutputsforJl?-4fuelas shownbytticheckpointsareessentially
thesameforthe40-and52-inchburners.Subsequentrunsexcludingone
witha cersmic-linedcotiustorweremadeinthe52-inch-longburner.

.

—
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Highwalltemperatureobtainedby lininga 40-imhburnerwith
firebrickaidedcotiustionsmoothnessintheleanregionendallowed
stableburningatfuel-airratiosof0.061withouttheuseoftheal.UK-
iliarypilotflsme,theonlycasewherethepilotwasfoundunnecessary
tomaintainconibustion.Inthefuel-air-ratioregionsnearandabove
stoichiometricwheresmoothburningwasobtainedforboththe40-inch
cersmic-linedsndthe52-inchcooledburnerswiththesameflameholder
(B-3), theheatoutputsfortheceramiccombustorwereslightlylower
withboth~-4 andslurryfuels(fig.I.1). .

FlameholderB-3,usedintheprecedingtest,wasfoundtobe the
mosteffectiveforusewithJT-4fuelandthereforeshowedtheclose
similsxityoftheexperimentalheatoutputobtainedinthe52-inchcooled
burnerwiththecalculatedmaximumheat-outputcurvebasedonfrozen
equilibrium,thussubstantiatingtheassumptionoffrozenequilibriumin
thisburner.

Performanceofa slurrymadewithboronpowdercontaining12.5per-
centmsg.nesiumand86.5percentboronwascomparedwiththatobtained
usingthe90percentpurepowder(fig.12). Itwasthoughtthatthe
presenceofthehighlyreactivemsgnesiumwouldfavorablyaffectthe
performanceoftheslurryfuel. Analysisshowedthemagnesiumwasnot
freemetalinthismaterial,however,andno reco~izabledifferencein
burningcharacteristicsorheatoutputwasobserved.

A sunmsrycurveofthecombustionefficienciesforall.thedata
takenwithflaneholderB-2in40-and52-inch-longburnerswith90per-
centpureboronispresentedinfigure13. Highestefficiencieswith
theboronslurrywereobttinedat anequivalenceratioof 1;themax~um
combustionefficiencybasedonthelowerheatingvalueofthefuelwas
about80percentcomparedwitha maximumof89percentwhentheefficiency
wasbasedon theeffectiveheatingvalueobtainedby deductingthedis-
sociationenthalpyfromthelowerheatingvalueofthefuel. Thediffi-
cultiesin ignitionandconibustionofboronslurriesintheleanregion
wherecmubustionte~eraturesarelowsrereflectedby thelowcombustion
efficienciesobtained.Otherinvestigators(ref.8)haveobtainedsim-
ilsrresultstith40-percentslurries,reportingmostefficientburning
intherangeofequivalenceratiosfrom1.0to 1.3. Valuesof combustion
efficiencycalculatedfromthespecific-impulsevaluesreportedinref-
erence8 showeda peakcombustionefficiencyof about72percentat an
equivalenceratioof 1.1;thisvaluecheckswellwiththecombustion
efficiencyatthatequivalenceratioshowninfigure13. Alldatapre-
sentedinthecurvesaretabulatedintable11.

Flsme-holderlife.- Thehighcombustiontemperaturesobtainedwith
slurryfuelsrenderedtheflsmeholdersmore susceptibletofailuredur-
ingroughburnimgthanwasthecasewithliydrocarbonfuels.Theflame
holdersseemed,incapableofwithstandingmorethana minuteofrough.
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combustionandin somecasesfailedatthestsrtof a runbeforesmooth
burningcouldbe established.Certainflame-holderconfigurationsex-

e

hibitedpeculisxmodesoffailure,as showninfigure14. Thesewere .

probablycausedby directflsmeimpingementandperhapsby thefluxing ..
actionof theboronoxide. —

Combustordeposits.- At vsrioustimes,ss.mplesofdepo~itsaccu-
mulatedonburnercomponents,as showninfigure15,wereanalyzedfor
boronoxidecontent;thehighestoxidecontentindicatedabout70percent
oftheboronburned:Suchaccumulations,however,donotnecessarily
representa truess.mpleofthesolidsentrainedinthestream.The
soliddepositsencountered,besideJsmmingtheexhaustnozzle,plugged
theequipmentpreps.redforenattemptto ssmpletheexhauststream.

Slurryflowcharacteristics.- Considerabledifficultywasencoun-
teredwiththeunpredictableflowpropertiesoftheboronslurries,which
werepreparedin~ssentisllytheseinemsnnerfromthe&me formula;On
someoccasions,slurriesthatappearednormalwouldnotflowat a suffi-
cientratethroughthefuelsystem.Thephysicalpropertiesseemedvery
sensitiveto differencesinbatchesofboronpowderandwettingorgel-
lingsgents,whichsuggeststhatcomponentpuritycontrolis a largepart
oftheflowproblem.

CONCLUDINGREMARKS

Boronslurryfuelisnoteneasyfueltohandle,control,orburn.
Thereactivityoftheboronslurryfuelte~tedseemedlowerthanthat
fortheJT’-4fuelalohe.Theuseof csn-typeflameholderstifording
largeshelteredpilotingregionswasnecessaryto obtainevenfaircom-
bustionefficiencieswiththeslurryfuel. Thehighheatoutputforthe
boronslurrycoupledwithbetterburningintherichregionindicates
thatfurtherworktithslurrycombustioni~divided-flowcornbustors
mightindicatea methodforefficientbwningatover-allle~ fuel-~r ‘- -
ratios.

Flowpropertiesofparticularbatchesof slurrycouldbe determined
beforeuse in combustion.evaluationby flowingthemthrougha bench
systemwhichwouldsimulatetheactualfue?systeminwhichthesluriy
wast.obe used.Thismethodwouldscreenoutirregularbatchesand
improvethedependabilityoftheslurrysystems..

Substsmtialdeposit
notc)rL~Y po8e a nui8=ce

ment,butalsoemphasize

accumulationintheburnerandnozzlesections
problemintheoperationof experimentalequip-
theneedfor& greaterunderstandingofthe

%
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TABLE1.-DIMENSIONSANDDESCRIPTIONOFFLAMEHOLDERS

USEDINEVALUATIONOFBORONSLURRIES

Flame
holde~

A

B-1

B-2

B-3

c-1

c-2

c-3

Dimensions,
in.
B
—
24

E

L5

E

16

16

&
4

—

i

—

5

5

5

5

5

5

5

—

Locksge
.tdome,
ercent

24.5

41.0

41.0

41.0

62.5

62.5

62.5

open
hole
srea,
ercent

130

I-22

X22

122

1.30

130

130

Description

.-

,
Psra%olicmixtureentry

Parabolicmixtureentry

AdditionofscoopstoB-1

Twelveno.7 holesindomeofB-1

Psrabolictirentry,holesinline

Twenty1/8”diam.holesindome
ofc-l
Slottedaftsection,twentY3/16”
diam.holesindome,linearmiX-
tureentry

?-&
to

.

.

,
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TABLEII. -PERFORMANCEDAYAOBT- WITHJP-4FUELAND

EORONSLURRYIN5-INCHRAM-JETCOMBUSTOR

(a)Conibustorlength,40inches

Flsme Fuel Air InletInlet InletFuel-Equiv-Heat combus-
bolder flow, ataticmixtureveloc-air alenceoutput, tion

lb/seepres-tentper-ity, ratio,ratioBtu/lbeffi-
ature,.fti~secfla mixtureciency,a

:by; % percent
ft abs

A JP-4 1.56 2050 647 188 0.06801.000 1080 90.9
Slurry1.55 2100 665 188 .10291.198 1252 64.6
slurry1.54 2U0 667 186 .10821.262 1380 67.7
JP-4 1.53 2120 660 182 .06801.000 1027 86.4
JP-4 1.53 2120 661 183 .0659 .970 1030 89.3
ZP-4 1.51 2120 667 182 .0634 .933 1017 91.4
J-P-4 1.51 2120 669 182 .0603 .887 982 92.5
m-4 1.52 2X20 673 184 .0561 .827 934 94.1
m-4 1.52 2120 --- --- .0550 .810 ---- (b)
J-p.~ 1.51 2U0 667 182 .0659 .970 1010 87.5
E-4 1.51 23.20 665 181 .07061.038 1080 87.7
J-P-4 1.51 21.20 --- --- .07431.092 ---- (c)

B-1 J-P-4 1.51 2120 689 188 0.06690.984 1067 90.7
slurryr.55 2500 710 169 .10051.170 1468 77.3
slurry1.55 2500 --- --- .09491.105 ---- ----
m-4 1.19 1780 684 17& .06801.000 1065 89.7
slurry1.19 2180 695 145 .09141.065 1.400 80.4
slurry1.16 2120 693 146 .0853 .993 1263 77.3
slurry1.16 2120 693 X46 .0820 .955 1215 73.8
slurry1.16 ---- --- --- .0792 .922 ---- ----

B-2 J-P-4 1.16 2120 678 142 0.06941.020 1.065 87.9
Slurry1.16 2120 695 146 .09041.053 1.355 78.8
slurry1.16 2220 695 138 .0836 .974 1263 78.8
Slurry1.16 2140 695 143 .0795 .926 1.170 76.5
slurry1.16 2C00 695 153 .0754 .884 963 66.1
Slurry1.I-6 1910 695 160 .0726 .846 833 59.2
Slurry1.16 1800 695 170 .0695 .810 706 52.3
Slurry1.16 1760 695 178 .0664 .774 655 50.6
slurry1.16 1690 695 181 .0633 .737 579 46.9

aBasedonlower
bLem blow-out.. %ichblow-out.

.

heatingvalueoffuel.
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0BTK13KEDWITHZP-4

FUELANDBORONSLURRYIN5-INCHRAM-%EWCOMBUSTOR

(a)Concluded.Combustorlength,40inches

Air
flow>
lb/sec

1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.28
1.28

[nlet
7eloc-
Lty,
%/se(

153
153
154
155
156
154
---
143
I-38

Flame
holden

c-l

Fuel

JP-4
JP-4
J-P-4
JP-4
JJ?-4
m-4
J%’-4
slurry
Slurry

Inlet
6tatic
yes-
sure,
Lb/sq
Ftab~

2120
2120
2U0
2E0
2120
2120
2120
2350
2350

M_et
dxturt
imper.
Lture,

OR

628
629
634
638
641
632
---
688
676

Fuel-
S3r
ratio,
f~a

1.0675
.0675
●0618
.0580
.0519
.0712
.0725
.0874
.0936

Cquiv-
Uence
!ati.o

0.993
.993
.909
.853
.763
1.048
1.067
1.o13
1.086

Seat
output,
3tu/lb
nlxture

990
1007
967
948
924
1060
----
1252
1309

hmbus-
bion
?ffi-
>iency,a
zercent

83.7
85.1
89.o
92.5
99.1
85.4
(b)
75.0
73.7

c-2 slurry
Slurry
Slurry
slurry
slurry

1.17
1.17
1.17
1.17
1.17

2120
2160
2080
2310
2280

675
675
675
675
675

143
140
146
131
132

1.0899
.0833
.0757
.0899
.0954

1.048
.971
.882
1.048
L.112

1322
1243
1082
1357
U51O

77.1
77.9
74.0
79.2
72.4

661
690
691
692
693
693
694

c-3 IE’-4
3lumy
3lurry
slurry
5lurry
3Llxcry
Slurry

1.18
1.18
1.18
1.18
1.18
1.18
1.18

2120
2120
2120
1990
2220
2280
2350

81.8
68.6
67.0
56.8
72.9
71.7
67.2

83.8
67.4
70.5
68.5
64.2
72.6
71.3
----

141
147
147
157
141
137
133

.0682

.0896

.0830

.0760

.0896

.0956

.1023

~.0673
.0912
.0848
.0781
.0723
.0848
.0949
.0610

1.000
1.044
.967
.885
1.044
1.114
L.192

0.987
1.060
.986
.908
.841.
.986
1.105
.710

977
U71
1065
834
1246
l.mo
L3co

988
1170
1145
1030
900
1180
1285
----

B-3C JP-4
Slurry
Slmr3
Slurr~
Slwrr~
s1-
Slurry
Slurry

1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20

2I_2cl
2200
2180
2120
2080
2280
2440
1690

666
690
690
690
690
69CS
690
69o

144
144
145
149
152
138
130
---

aBasedonlowerheatingvalueoffuel.
%ichblow-out.
%irebrick-linedconbustor.

.
.

.
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TABLEII.- Continued.PERFORMAI?CEDATAOBTAINEDWITHJP-4

FUELANDBORONSLURRYIN5-INCHRAM-JETCOMBUSTOR

(b)Combustorlen@h,52inches

FlsxneFuel Air InletInlet InletFuel- Equiv-Heat
holder

Combus-
flow, staticmixtureveloc-air alenceoutput,tion
ti/secpres-temper-i.ty,ratio,ratioBtu/lbeffi-

sure,ature,ft/secf/a mixtureCiency,a
lb/sq O-R
ftatis

percent

B-2 JP-4 1.15 2120 662 138 0.07001.030 1060 86.8
Slurry1.14 2160 685 138 .0992i.~o 1389 74.1
Slurry1.14 2180 684 137 .09281.080 1357 77.0
slurry1.14 2lso 687 137 .08601.000 1340 81.5

B-3 JP-4 1.21 2120 663 145 0.06660.977 1020 87.4
m-4 1.21 2120 663 145 .0627 .920 1000 90.9
Slurry1.21 2120 685 150 ●1019 1.187 1340 69.8
Slurry1*21 25.4o 685 ~~ .08751.020 1258 75.1
Slurry1.21 2540 685 124 .08751.020 1258 75.1
Slurry1.21 2540 685 12& .08751.020 1251 74.8
slurry1.21 2540 685 124 .08751.020 1254 75.0
Slury 1.25 2820 685 SL6 .08741.020 1258 75.3
Slurry1.25 2820 685 116 .0847 .987 1212 74.8
Jp-~ 1.20 2120 651 141 .0674 .991 1046 88.7
JP-4 1.19 2120 651 140 .0637 .936 1082 96.7
JP-4 1.19 2120 651 140 .0593 .872 1014 96.9
JP-4 1.19 2120 653 140 .0549 .807 962 98.9
JP-4 1.19 2120 657 140 .0504 .741 905 100.9
JP-4 l.ls 2L20 657 140 .0491 .722 --- (b)
W-4 1.I-8 2120 @-- X58 .06841.005 1092 91.3
m-4 1.18 2120 644 137 .07271.069 1096 86.6
JP-4 1.18 2120 642 137 .07711.133 1085 81.1
J-P-4 1.18 2120 639 136 .08141.197 1048 74.6
J-p-Z&1.18 2U20 637 136 .08561.258 1026 69.7
m-4 1.18 2120 637 136 .08851.301 ---- (c)
s11~~ 1.18 2200 678 139 .09631.122 1285 70.4
Slurry1.18 2170 679 141 .08961.044 1232 72.1
slurry1.18 2120 681 145 .0828 .965 1135 71.5
slurry1.18 2080 683 148 .0762 .888 901 61.2
Slurry1.18 2350 678 132 .09631.122 1347 73.7
Slurry1.18 2460 669 124 .10251.194 1340 69.5L

. %asedonlowerheatingvalueoffuel.
bLesnblow-out.
cRichblow-out.

.
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TABLEII.- Concluded.PERFORMANCEDATAOBTAINEDWITHJP-4

‘FUELANDBORONSLURRYIN5-INCHRAM-JETCOMBUSTOR

(b}Concluded..Cmrhustorlength,52inches

Fls?neFuel Air InletInlet InletFuel-Equiv-Heat
holder

ccmibus-
flow, staticmixtureveloc- al.r alenceoutput,tion
lb/seeprefi-temper-ity, ratio,ratioBtu/lbeffi-

ature,ft/secf/a mixtureciency,a
:bU/:q OR percent
ftabs

B-2 JT-4 1.18 2120 664 140 0.06S5 1.008 1048 87.5
JP-4 1.17 2120 663 140 .0648 .955 1038 91.4
JP-4 1.17 2120 667 141 .0557 .819 932 99.7
JP-4 1.17 2120 660 140 .0500 .736 --- Jbi
slurry1.17 2180 683 140 .10801.230 1325 .
slurry1.17 2240 683 1.36 .10121.152 1412 74.2
Sluxcy1.17 2240 683 136 .09421.072 1318 73.6
slurry1.17 2220 6S3 137 .0870 .991 1335 SO.2
Slurry1.17 2180 683 140 .0870 .991 1235 74.1
Slurry1.17 2330 683 131 .10H 1.152 1330 69.8
Slurry1.17 2350 683 130 .10801.230 1455 71.8
JP-4 1.20 21.20 644 140 .0674 .992 1o30 87.3
J%’-4 1.20 2120 644 140 .0631 .929 1039 93.8
m-4 1.20 2120 645 140 .0587 .864 976 95.1
JP-4 1.20 21.20 647 140 .0543 .799 941 97.8
JP-4 1.20 2120 648 140 .0525 .772 --- (b)
JP-4 1.20 2120 643 139 .0674 .992 1060 89.9
J-P-4 1.20 2120 639 138 .07151.052 1.070 86.0
J-P-4 1.20 2120 637 138 .07581.SL5 1080 81.0
JY’-4 1.20 2120 635 138 .08001.177 1046 75.6
JP-4 1.20 2120 633 137 .08421.239 1025 70.7
JP-4 1.20 2120 631 137 .08861.303 ---- (c)
Slur+ 1.19 2480 663 323 .09191.033 1308 74.7e
slurr@1.19 2480 663 J-23 .09841.070 1365 72.9
slur$ 1.19 2480 663 123 .09841.070 1378 73.5

%asedonlowerheatingvalueoffuel. .:
bLeanblow-out.
cRichblow-out. L.
’86.5Percentborori,12.5percentmagnesi~ material.
‘Basedonlowerheatingvalueof20,908Btu/lbfuel.

g
tiw.

.

.
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